Abstract-Cardiomyocytes form a conducting network that is assumed to be electrically isolated from nonmyocytes in vivo. In cell culture, however, cardiac fibroblasts can contribute to the spread of excitation via functional gap junctions with cardiomyocytes. To assess the ability of fibroblasts to form gap junctions in vivo, we combine in situ detection of connexins in rabbit sinoatrial node (a tissue that is particularly rich in fibroblasts) with identification of myocytes and fibroblasts using immunohistochemical labeling and confocal microscopy. We distinguish two spatially distinct fibroblast populations expressing different connexins: fibroblasts surrounded by other fibroblasts preferentially express connexin40, whereas fibroblasts that are intermingled with myocytes largely express connexin45. Functionality of homogeneous and heterogeneous cell coupling was investigated by dye transfer in sinoatrial node tissue explants. These studies reveal spread of Lucifer yellow, predominantly along extended threads of interconnected fibroblasts (probably via connexin40), and occasionally between neighboring fibroblasts and myocytes (probably via connexin45 
C ardiomyocytes in vivo are thought to form a conducting network that is electrically isolated from nonmyocytes. However, cocultured neonatal rat cardiac myocytes and fibroblasts readily form functional gap junctions. 1, 2 In vitro, this heterogeneous electrical interaction is sufficient to synchronize the contractile activity of distant cardiomyocytes, interconnected by one or more fibroblasts. 3 Whether similar behavior may occur in vivo is a subject of considerable debate. 4 Earlier electrophysiological studies with double-barreled floating microelectrodes provided circumstantial evidence for capacitative and electrotonic myocyte-fibroblast coupling in spontaneously beating rat right atrium. 5 In contrast, transmission electron microscopy of serial cross sections of rabbit right-atrial tissue yielded only "one tiny gap junction-like structure" between a myocyte and a fibroblast in a tissue volume assumed to contain 10 4 homogeneous myocytemyocyte connections. 6 Recent confocal microscopy of living rabbit sinoatrial node (SAN), performed using the vital dye CellTracker (CMFDA, Molecular Probes), demonstrated an abundance of myocyte-fibroblast membrane appositions in rabbit SAN. 7 Whether these areas contain dispersed gap junctional channels that provide heterogeneous coupling without forming an electron-dense substrate for electronmicroscopic recognition (as reported in pig coronary artery) 8 is unknown. 9 The general distribution of gap junction protein in rabbit SAN has been studied using immunohistochemical techniques. Both connexin45 (Cx45) and connexin40 (Cx40) have been found, 10 -13 but coupled cell types were not identified. Data on fibroblast gap junction coupling has mainly been obtained in other organs (eg, skin, kidney, and cornea) or in cardiac cell cultures, 2 where cells are predominantly coupled by connexin43 (Cx43).
In this study, we use confocal laser-scanning microscopy and immunohistochemical techniques to combine localization of the three main cardiac connexins (Cx40/Cx43/Cx45) with positive cell type identification of myocytes and fibroblasts, as well as Lucifer yellow (LY) dye spread, to investigate homogeneous and heterogeneous cell coupling in native rabbit SAN tissue.
Materials and Methods

General Preparation
Cardiac tissue was obtained from New Zealand White rabbits (Animal Resources Unit, University of Auckland, New Zealand), killed by cervical dislocation (rabbits Յ1 kg, nϭ8) or anesthetized terminally by intraperitoneal injection of heparinized (200 Uϫkg Ϫ1 ) pentobarbitone-sodium (65 mgϫkg Ϫ1 ; rabbits Ͼ1 kg, nϭ12). The chest was opened and the heart swiftly removed and washed by coronary perfusion with oxygenated Tyrode solution containing (in mmol/L) 140 NaCl, 5. 
Structural Studies
SAN Tissue Specimen
The SAN was dissected from the right atrium and placed into a drop of Tissue-Tek (Miles Inc) on top of a silanized glass slide. One to four no.1 cover slips were positioned at either end of the slide (depending on the thickness of the node), and a second silanized glass slide was placed over the top, flattening the node between the slides to a thickness of 170 to 680 m. This preparation was quickly plunge-frozen in liquid nitrogen. The procedure from sacrifice to tissue freezing took about 10 minutes.
Slides were separated, and the frozen embedded node placed onto a precooled Tissue-Tek coated cryotome chuck (horizontally, endocardium up). Care was taken to avoid thawing before the chuck was further cooled in liquid nitrogen. Using a cryotome, 40 to 60 m of the endocardial surface was removed to expose nodal cardiomyocytes beneath the outer connective tissue layer. Then 16 m cryosections were cut in the plane of the SAN, collected on SuperFrost slides (Menzel-Glaser, Germany) and stored at Ϫ80°C.
For positive control experiments on anti-connexin antibody functionality, ventricular tissue from 3 rabbits was collected and handled as described above.
Antibodies
For Cx40, we used guinea pig polyclonal antibodies, raised against an oligopeptide matching the cDNA-sequence of the carboxyterminus (amino acids 256 to 270, V15K/GP318), 14, 15 and for Cx45, a guinea pig polyclonal antibody raised against the cytoplasmic carboxy-terminal region (amino acids 354 to 367, Q14E/GP42). 11, 15 Antibodies were kindly provided by Drs S.R. Coppen, N. Severs (both of Imperial College London, England), and R.G. Gourdie (Medical University of South Carolina, Charleston, SC). For Cx43, a mouse monoclonal antibody, raised against a short peptide sequence (amino acids 131 to 142) of the protein cytoplasmic loop, was kindly provided by Dr D. Becker (University College London, England). 16 Myocyte M-lines were labeled using mouse antimyomesin antibodies (clone B4) 17 kindly supplied by Dr H.M. Eppenberger (ETH Zürich, Switzerland), and fibroblasts were identified using mouse monoclonal anti-vimentin antibodies (clone V9 Sigma Aldrich) 18, 19 that label intermediate filaments, which are particularly abundant in fibroblasts.
Immunolabeling
Tissue sections were fixed in cold acetone (10 minutes), washed with PBS, and blocked for 1 hour at room temperature (RT) in 10% serum/0.3% bovine serum albumin (BSA)/0.1% TritonX-100 in PBS.
For single labeling, slides were incubated overnight (O/N) at 4°C with primary antibodies (diluted in PBS/0.3% BSA/0.1% TritonX-100) and with CY3-(543 nm excitation, 555 to 700 nm emission detected; Jackson Immuno Research Laboratories Inc), Alexa488-(488 nm excitation, 500 to 535 nm emission detected; Molecular Probes Inc) or FITC-(488 nm excitation, 500 to 535 nm emission detected; DAKO Corp) conjugated secondary antibodies (2 hour RT). A washing step in PBS was performed between antibody incubations.
For double labeling of connexins and cell types, sections were incubated with anti-connexin antibodies (O/N 4°C; anti-Cx45 1:200, anti-Cx40 1:500) and CY3-conjugated secondary antibodies (1:500, 2 hour RT), and subsequently with either anti-vimentin (O/N 4°C; 1:1000) and secondary rabbit anti-mouse FITC (1:100, 2 hour RT), or anti-myomesin (1:100, O/N 4°C) and secondary goat anti-mouse Alexa488 (1:500, 2 hour RT).
For triple antibody incubation, samples were exposed to antiCx40/anti-Cx45 (O/N 4°C) and the secondary CY3-conjugated antibody (1:500, 2 hour RT), then mouse anti-myomesin (1:100, O/N 4°C) and secondary goat anti-mouse Alexa488 (1:500, 2 hour RT), and finally mouse anti-vimentin (1:1000, O/N 4°C) and secondary rabbit anti-mouse FITC (1:100, 2 hour RT).
Control experiments involved omission of primary antibodies and incubation with inappropriate secondary antibodies to exclude crossreactivity. Positive control experiments on ventricular tissue confirmed antibody functionality. All sections were mounted in CitiFluor antifade medium (Agar Scientific, UK).
Confocal Microscopy
Immunolabeled sections were examined with a Leica TCS-SP2 confocal laser-scanning microscope. Single optical slices or z-series were recorded. Images were combined to localize gap junctions with respect to cell types. Myocytes and fibroblasts were identified based on cell morphology and characteristic labeling patterns of myomesin (for myocyte M-lines, revealing typical cross striation) and vimentin (for fibroblast intermediate filaments, revealing brightly labeled solid cells and their processes, see Figure 1 ).
CellTracker Dye Loading
CellTracker was applied to freshly isolated SAN preparations in cardioplegic solution (modified Tyrode containing 20 mmol/L KCl) at a concentration of 5 gϫmL Ϫ1 . Nodes were left O/N (4°C), washed in cardioplegic solution (1 hour), and fixed using fresh 4% paraformaldehyde in PBS (RT). CellTracker diffuses freely through the cell membrane and, once inside, undergoes a glutathione stransferase-mediated reaction to form a membrane-impermeant glutathione-fluorescent dye adduct. Fixed nodes were mounted in CitiFluor and viewed with a Leica TCS-4D confocal laser-scanning microscope, using 488 nm excitation and an FITC bandpass emission filter.
Quantification of Connexin Immunolabeling
Optical slice stacks showing Cx40 or Cx45 immunolabeling were obtained from the SAN of 5 and 6 different animals, respectively. For a direct comparison of Cx40/Cx45 expression levels in different cell types, images containing both fibroblast-rich (F) and myocyte/ fibroblast-intermingled (MF) areas were examined (Cx40 nϭ11; Cx45 nϭ14). Images were quantitatively analyzed using ImageJ-1.29 (http://rsb.info.nih.gov/ij/). In each stack, one or more F and MF area(s) each were identified and defined as "regions of interest." Projections showing Cx40 or Cx45 immunolabeling only were produced from each stack, and fluorescent spots were counted in the respective regions of interest. Using a threshold-value algorithm, only spots of sufficiently high intensity were considered. The total area occupied by connexin immunoreactivity in each region was also analyzed. Connexin density was expressed as (1) the cumulative number of gap junctions per tissue volume (calculated from stackdepth and dimensions of the region of interest), and (2) the area occupied by connexin fluorescence relative to the total scanned tissue area. Connexin densities in neighboring F versus MF areas were compared using the nonparametric paired Wilcoxon test (GraphPad Prism). Data are presented as meanϮSEM (Table) .
To establish how common heterogeneous myocyte-fibroblast coupling by Cx45 is in MF areas, the number of Cx45 plaques between myocytes and fibroblasts was counted in 200 optical sections, obtained in 33 SAN locations from 8 different animals. Only spots that were clearly identified as being located exactly at the point of contact of two heterogeneous cells were included (in particular, connexin labeling at contact sites of potentially more than two cells was disregarded). Heterogeneous Cx45 density was then compared with total Cx45 density in the same tissue regions.
Functional Studies
Scrape-Loading of Lucifer Yellow
Hearts, excised from New Zealand White rabbits (Յ1 kg, nϭ12), were washed by Langendorff perfusion (oxygenated Tyrode solution, 37°C, 5 to 10 minutes). The SAN region, including crista terminalis (CT), orifices of the opened venae cavae, and part of the interatrial septum, were dissected out and pinned into a sylgardbased Petri dish (endocardium up). Scrape-loading was used to introduce LY (2.5 mgϫmL Ϫ1 ) and Texas red dextran (0.5 mgϫmL Ϫ1 ). 20 -22 In brief, cells that are nonterminally damaged by scraping with a sharp instrument take up the dyes (intact cell membranes are impermeable to both dyes). Texas red dextran is too large to pass through gap junctions and remains trapped in primary loaded cells (marking scrape-loaded cells). In contrast, LY is able to spread to neighboring cells via gap junctions. Cells located away from the loading site that contain LY (but no Texas red dextran) are understood to be coupled by gap junctions to primary scrape-loaded cells.
In this study, a droplet of PBS, containing LY and Texas red dextran, was placed onto the auricular CT, and several fine holes (100 m insect dissection pins) were made transmurally to allow dye penetration (for 2 minutes). The preparation was then washed with Tyrode solution, with the dish angled so that fresh solution was supplied from the SAN side and drained over CT and auricular muscle. After a further 2 to 5 minutes, the tissue was fixed in fresh 4% paraformaldehyde in PBS (1 hour RT) and washed for several hours (PBS). The epicardial CT was partially trimmed and the preparation mounted between two long coverslips, spaced at 170 m, for viewing from either side. Control tissue was handled as above, but with omission of dyes, and revealed negligible autofluorescence with the exception of narrow but well-defined fibrous layers (Ͻ10 m) at the endo-and epicardial surfaces.
Confocal Microscopy for Lucifer Yellow
Preparations were viewed with a Leica TCS-SP2 confocal laserscanning microscope using 458 and 476 nm excitation and 489 to 600 nm emission for LY, and 543 nm excitation and 555 to 620 nm emission for Texas red dextran. LY becomes more readily visible at these excitation and emission wavelengths after fixation in paraformaldehyde. 23 Cells containing the gap junction impermeable Texas red dextran identified primary scrape-loaded cells; cells located away from the transmural loading site (Ն200 m transversal to the direction of pin-holes), containing LY only, were regarded as having received the dye via gap junctions.
Experiments complied with UK Home Office regulations and had Animal Ethics Committee approval.
Results
Cell Type Identification
Myocyte/fibroblast spatial interrelation in the SAN was investigated using loading of living pacemaker tissue with CellTracker and immunohistochemical labeling of SAN cryosections using cell-type specific antibodies.
CellTracker labels the cytoplasm of living cells only. SAN fibroblasts, identified by their cell morphology (established from confocal optical slice series), become preferentially labeled, indicating greater membrane permeability over myocytes, or increased glutathione s-transferase activity. CellTracker allowed detection of even the finest fibroblast processes, reconfirming the presence of numerous membrane appositions between myocytes and fibroblasts in rabbit SAN ( Figure 1A ). This is also observed using cell type-specific antibodies. Anti-vimentin labeled fibroblasts ( Figure 1B) , whose individual cytoarchitecture and topology matches that observed with CellTracker, whereas anti-myomesin allowed myocyte identification. More peripheral areas of the SAN show increasing alignment of sarcomeres and myocytes, and larger (atrial) muscle cells. The more central SAN, in contrast, is characterized by significantly smaller and less ordered myocytes with reduced myomesin density. Throughout the SAN, MF areas (where myocytes and fibroblasts intermingle; Figure 1C ) were found adjacent to F areas (dominated by fibroblasts; Figure 1D ).
Connexins and Cell Type Labeling
A crucial feature of these SAN preparations is the fact that sectioning occurred in the en face plane of the frozen tissue. Removal of the endocardial connective tissue layer exposed extended regions of continuous and undisturbed SAN pacemaker tissue for connexin mapping and cell-type identification.
Connexin40
Punctate Cx40 label was organized in clusters throughout the SAN. Double labeling for Cx40 and fibroblasts revealed that it is clearly present between SAN fibroblasts, whereas double labeling for Cx40 and myocytes revealed Cx40 predominantly in regions devoid of muscle-specific staining (not shown). Triple labeling for Cx40, myocytes, and fibroblasts, conducted over extensive SAN regions, confirmed that Cx40 is predominantly associated with fibroblasts. Figure 2A illustrates Cx40 labeling (green or yellow spots; color shift indicates colocalization of fluorochromes) in a fibroblast-rich area. There is very little Cx40 label associated with nodal myocytes seen in the upper and lower regions of this extended focus image taken from central SAN. A highermagnification, single optical slice from a similar area, is shown in Figure 2B, Table) .
Connexin45
Patches of punctate Cx45 label were evident in regions with SAN myocytes, and wherever central SAN myocytes are in close proximity to fibroblast processes. In contrast, Cx45 was only rarely observed in fibroblast-rich areas devoid of myocytes.
Triple labeling identified the cell types associated with the Cx45 label. Cx45 label in the central SAN was located either between pairs of myocytes, between pairs of fibroblasts ( Figure 2C , extended focus projection) or between heterogeneous myocyte-fibroblast pairs ( Figures 2D and 3) . Figure 2D is a higher-magnification image of a single optical slice in the same region as Figure 2C , with at least two green spots (horizontal arrows) indicating Cx45 label between a nonmyocyte process and a myocyte. Very distinct points of Cx45 labeling were consistently detected exactly where heterogeneous cells make contact. Serial optical sections allowed us to locate the gap junctions at the end of fibroblast processes where they approach a myocyte surface. This is shown in Figure 3 , where two fibroblast processes (arrows) that pass between myocytes have been followed through 1.5 m. An identical optical slice series for the Cx45-specific marker revealed two gap junction plaques in Pairs of density values for connexin40 (left) and connexin45 (right) were obtained from adjacent tissue areas of the same slide that contained either a mix of myocytes and fibroblasts (MF), or preferentially fibroblasts (F). Densities in each slide were compared using a nonparametric paired Wilcoxon test and expressed as the ratio of F/MF. Number of gap junction-based density is expressed as spots per volume unit, whereas the area-based density is shown as area of connexin-related fluorescence divided by total area scanned.
the third optical slice (Figure 3CЈ ), where one fibroblast process makes contact with a myocyte (left side of C in the myomesin-vimentin image series), while another one forms a contact with a process from a further fibroblast (right side of C in the myomesin-vimentin image series). In Figure 3CЉ , the Cx45 labeling seen in Figure 3CЈ has been overlaid with the myomesin and vimentin labeling from Figure 3C to illustrate this.
Quantitative assessment confirms that the density of Cx45 gap junctions and their relative area are about one order of magnitude higher in MF regions compared with F areas (Table) .
A total of 214 heterogeneous myocyte-fibroblast Cx45 gap junctions were identified in 33 SAN tissue preparations from 8 animals. The relative density (per area) of heterogeneous Cx45 contacts is 771.9Ϯ95.5 spotsϫmm Ϫ2 , compared with a total Cx45 density of 8348.7Ϯ1450.7 spotsϫmm Ϫ2 in MF regions, suggesting that just under 10% of Cx45 is located at points of heterogeneous cell contact.
Our direct comparison of Cx45 and Cx40 patterns in rabbit SAN therefore shows that they have spatially distinct locations: Cx40 is primarily present in F regions devoid of myocytes and Cx45 in areas where myocytes and fibroblasts intermingle. Our results also indicate that there are two distinct fibroblast populations in rabbit SAN, which express different connexins, depending on their histomorphological environment. Fibroblasts expressing Cx40 appear to be involved solely in homogeneous cell coupling, whereas fibroblasts expressing Cx45 would seem to be able to support both homogeneous and heterogeneous cell contacts.
Connexin43
As previously described, 12, 24 we observed an abundance of well-organized Cx43 in the intercalated discs between atrial myocytes near the CT (Figure 4A ). At the interface between the SAN and CT (Figure 4B ), bundles of atrial muscle cells that express Cx43 protrude into the SAN. Cx43 in this area is not organized in intercalated discs, but arranged longitudinally along the atrial muscle fibers (resembling the Cx43 distribution of the developing heart 25 or infarct border zones). 26 There was no evidence for Cx43 in the more central SAN (neither in myocytes nor fibroblasts), as described previously. 27, 28 
Functional Coupling of Cells in the SAN
Our immunohistochemical findings suggest that Cx40 may underlie fibroblast coupling, and Cx45 may support interaction between myocytes and fibroblasts in rabbit SAN. The presence of connexin immunolabeling alone does not confirm formation of functional gap junctions. To this end, we studied cell coupling by LY dye transfer into the SAN, following transmural scrape-loading of the auricular CT.
LY invades both peripheral and central SAN, revealing complex networks of dye-loaded fibroblasts and myocytes which, given their separation from the loading site, will have taken up the dye via gap junction-based cell-to-cell transfer. Figure 5 is a confocal optical slice z-series illustrating a pathway of LY from the CT scrape site (top right of images) that gives rise to preferential staining of a strand of fibroblasts and, deeper in the tissue (seen in subsequent optical slices), myocytes. The preferential staining of fibroblasts by LY could be related to cytoarchitectural differences (compared with myocytes) that may increase their tolerance to scrapeloading, or their ability to pass on the dye. Only cells that (1) take up the dye (via cell membrane damage) and (2) survive (heal over) can pass it on to neighboring cells (gap junctions close rapidly in dying cells). Differences in connexin expression may also play a role, because LY transfer via Cx45 is much less efficient than via Cx40. 29, 30 Dye spread was also observed in heterogeneous cell strands, consisting of fibroblasts and myocytes, shown by the presence of labeled myocytes that are interconnected only by dye-loaded fibroblasts ( Figure 6 ). The dye-loaded myocytes are not in contact with each other (or further dye-loaded myocytes), neither in the layer illustrated, nor in higher or lower optical sections, supporting the hypothesis that dye transfer will have occurred via interconnecting fibroblasts.
Discussion
This study shows that cardiac fibroblasts express connexins in vivo and that, in rabbit SAN, they form a functionally coupled network. Results further demonstrate that SAN fibroblasts express two connexin subtypes in spatially distinct patterns: Cx40 preferentially in F-areas, and Cx45 preferentially in MF regions. The causes for this heterogeneity are unknown, but paracrine interaction with neighboring cells would form a reasonable candidate for further elucidation. Furthermore, we show that Cx45 in MF areas can be located A second process to the right of the top optical slice (right arrow in A) can also be followed down through subsequent slices (B and C), making close contact with another cell, in this case another fibroblast. This is evident from the next lower optical slice (D), where there is a fibroblast process coming up from deeper within the tissue in the region of the fibroblast-fibroblast contact (arrow on right-hand side). In image CЈ, the points of contact arrowed in C show label for Cx45, and in CЉ, the connexin labeling of CЈ and the myomesin and vimentin labeling of C have been merged to show the exact overlay of Cx45 spots with the cell contact points. Scale barϭ10 m.
between either homogeneous or heterogeneous cell pairs. Finally, dye transfer in tissue explants corroborates the existence of functional fibroblast-fibroblast and fibroblastmyocyte coupling in rabbit SAN.
Fibroblasts express Cx40 and Cx45, whose distribution appears to be affected by cell proximity. Fibroblasts in regions devoid of myocytes tend to preferentially express Cx40, whereas those that are intermingled with myocytes frequently express Cx45. This leads to a clustered patterning of connexin-subtypes in rabbit SAN. In hindsight, previous connexin labeling studies also show this "patchy" distribution of Cx40 and Cx45 (see Figures 4A and 4B in Coppen et al 11 ) , consistent with a cell-environment dependent connexin distribution.
In rabbit SAN, Cx45 was repeatedly located at the interface between myocyte and fibroblast membranes (214 occurrences in 33 SAN tissue samples from 8 animals; the stringent exclusion criteria suggest that, if anything, this underestimates heterogeneous coupling). The presence of Cx45 at the point of contact between fibroblasts and myocytes suggests that there may be electrical coupling between the heterogeneous cell types in vivo, as previously deduced from in situ electrophysiological evidence 5 and observed in vitro. 1, 3 This is reinforced by our dye-coupling studies, which highlight a close interrelation of myocyte and fibroblast dye loading, to the extent that fibroblasts appear to contribute to dye spread between myocytes.
Electrotonic coupling of cardiac fibroblasts and myocytes could have significant consequences for cardiac electrophysiology, 4 in particular in tissue of high fibroblast content, such as the SAN or ventricular scars. 30a Firstly, fibroblasts could act as a current sink for directly connected myocytes. Secondly, cardiac connective tissue may be involved in impulse conduction in vivo (as seen in cell culture). 2 This could either be short-range, supporting the spread of excitation between "islands" of SAN cells and in the cross-sheet direction of ventricular muscle, or long-range, "bridging" obstacles such as posttransplantation scar tissue and contributing to AVnode conduction delay. Thirdly, because fibroblasts express different connexins, they could be a target for differential regulatory effects on sites where fibroblast and myocytes intermingle (such as normal cardiac tissue, where a contribution of fibroblasts to electrical impulse conduction may be physiological), compared with sites dominated by fibroblasts (such as the aging/diseased SAN or areas of fibrosis and scarring, where connective tissue is understood to obstruct orderly conduction). Furthermore, regional differences in connective tissue density would affect regional electrical load, excitability, and/or refractoriness, whose spatial dispersion is potentially arrhythmogenic, [31] [32] [33] which might offer an alternative explanation of the repeatedly observed correlation between cardiac fibrosis and arrhythmia incidence. 34 Finally, fibroblasts are mechanosensitive 5, 35 and could act as receptors, in addition to the myocytes' own ability to sense stress and strain, that contribute to cardiac mechanoelectric feedback. This may have functional advantages for cardiac autoregulation, as mechanosensors positioned outside the contractile units (ie, in cells other than myocytes) could be able to monitor the mechanical environment more reliably during cardiac contraction/relaxation. 9, 36 Thus, SAN fibroblasts in vivo express Cx40 and Cx45 in patterns that are correlated with their cellular environment. The identification of Cx45 between myocytes and nonmyocytes highlights a reasonable substrate for interaction of heterogeneous cell types in rabbit SAN. Differences to the connexin subtypes previously identified in vitro 2 may be related to differences in SAN versus ventricular connexin expression (no Cx43 in SAN) and to side-effects of cell culturing on gap junction expression. Both in vitro and in situ findings suggest, however, that one cannot rule out an active contribution of nonmyocytes to cardiac electrophysiology. Lucifer yellow spread through a heterogeneous chain of fibroblasts (F; thin, brightly labeled cells) and myocytes (M; larger "orange" cells). A, Chain of dye-loaded myocytes, surrounded by densely filled fibroblasts. B, Dye-filled myocytes forming two groups interconnected only by dye-filled fibroblasts (arrow). C, Higher-magnification image of a similar juxtaposition of labeled myocytes linked by fibroblasts only (arrow). Dye spread into the myocytes must come from the adjacent dye-filled fibroblasts, as the former are not connected to other dye-loaded myocytes. Scale barsϭ20 m.
